4H Silicon Carbide (4H-SiC) has a great potential for low-loss power devices due to its superior electrical properties. However, the increase in demand for the power devices requires high quality SiC substrates and epitaxial layers. Mercury probe Capacitance Voltage (Hg CV) measurement is a well known procedure to characterize epi layers grown on SiC substrates, due to its non-destructive technique. However, careful calibration of the tool is very important for repeatable and accurate measurements. Here we present very close repeatability of Hg CV within 2.4% (standard deviation 0.7%), between different Solid State Measurements (SSM) setups compared with Ni Schottky (NiS) CV. In addition to growing uniformly doped epi layers, high surface quality of the epi layer is also needed for improved device performance. Improved process conditions resulted in a smooth epi with a surface roughness Ra 1.2 nm for a 6 µm thick epi layer. Molten Potassium Hydroxide (KOH) etching analysis also revealed a significant correlation between the surface roughness and epi defects.
Introduction
Silicon carbide is a potential candidate for fulfilling the increasing demand for high power density applications. However, the fabrication of these electronic devices depend on the quality of the epitaxial layers grown, in addition to a thorough understanding of the effect of doping concentration. Preparation of high quality epi layers for accurate characterization is very important for device processing. Mercury probe Capacitance Voltage (Hg CV) is a non destructive characterization technique widely known to extract dopant information. The subject of this paper is a systematic study to compare Hg CV measurements with NiS CV measurements on different epi layers. The study included a gauge R&R with the vendor and also the repeatability of Hg CV is analyzed and compared with NiS CV. In addition to this we present the surface roughness improvement after initial process development. In-situ surface preparation in hydrogen ambient, growth parameters, and growth temperature play a vital role in the quality of the epi layer [1] . Experimental Molten KOH etch data suggests that the defects can be corelated to the surface roughness.
Experimental
The epitaxial growth was conducted in a hot-wall 7×3″ CVD planetary reactor with gas foil rotation that allows good thickness and doping uniformity across the whole wafer due to homogeneous temperature distribution during the process. The epitaxial growth is conducted with a standard chemical system of H2 -SiH4 -C3H8 in a temperature range of 1550-1650°C, using hydrogen as carrier gas and argon for gas foil rotation. The substrates used for this study are commercially available 3″, 4° off-axis, Si-face 4H SiC. The doping concentration is measured by an automated SSM model 495i mercury probe capacitance voltage tool by mapping 9 points (pts) across the wafer, with an edge exclusion of 8 mm. The surface morphology is inspected by optical microscopy with Nomarski interference contrast and defect count was performed across the whole wafer in a grid pattern corresponding to 14% of the full wafer area. The surface roughness was measured by Zygo model new view 200, based on scanning white light interferometry technique, and Candela CS10 Optical Surface Analyzer tool. The epi wafers were also scanned on Candela for total defect density count. Molten KOH etching analysis was performed on the epi wafers to further correlate the surface roughness and epi defects. The KOH etching was carried out in a Nickel crucible furnace at 450°C for 10 minutes. Normaski optical micrsocope was used to observe the etch pits after the etching. The analysis was performed by manually counting the defects in 30 sites with an area/field of 0.2mmx0.15mm. Nickel Shottkky (NiS) analysis was also performed using 800 µm Ni dots on SiC. The Ni dots were put down using a standard photomask pattern, evaporated Ni of 0.2 µm thickness and lift-off pattern.
Results
Doping Characterization. A standard 9 pts measurement pattern was created on the automated SSM CV tool. The samples are measured at 100KhZ, with a reverse bias sweep voltage from 0V to -40V. Each wafer was measured two times per site to test for repeatability within the sites, both on SSM CV and NiS CV. CV measurements performed on wafers without any prior surface treatments revealed that the doping concentration measurements were inconsistent, mainly due to microscopic particles on the surface that result in a variable mercury contact area. The epi wafers were subjected to IsoPropyl Alcohol (IPA) ultrasonic clean followed by a nitrogen blow. This surface preparation consistently resulted in highly repeatable CV measurements. 
1.87%
CV doping map as measured by SemiSouth (SS) CV, SSM CV and NiS CV with a die size of 800 µm diameter, are shown in Figure 1 . NiS CV masks with variable die sizes were fabricated on the same wafers, to compare the doping concentration measured by the Hg CV and NiS CV techniques. Table 1 tabulates the average doping concentration measurements from SS CV, NiS CV, and SSM CV across the whole wafer on different samples. The standard deviation of doping for each sample is also recorded in Table 1 . The percentage difference reported in column 4 and 7 of Table 1 is calcuated with NiS CV as reference and in column 6 is calculated with SS CV as reference. The average percentage difference between Hg CV and NiS CV is about 2.4% (standard deviation 0.7%), which is quite a good agreement given the differences in sample preparation, surface treatments and positioning of the wafers between measurements. The samples were later sent to SSM to compare the agreement between the doping concentrations measured by two Hg CV setups and a NiS CV setup. As seen in Table1 the average percentage difference between two
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different Hg CV setups is about 1.0% (standard deviation 0.4%), and the average percentage difference between NiS CV and SSM Hg CV is 2.1% (standard deviation 1.4%). This gives a good confidence in the doping concentration extracted from the epi layers using the well calibrated Hg CV tool and wafer cleans.
Surface Morphology. Surface roughness measurements were performed using Zygo and Candela tools. Figure 2a displays the optical micrograph of the surface of an optically polished substrate with a surface roughness Ra 1.8 nm. The KOH etching on the substrate revealed a total dislocation density of 1.23x10 5 cm -2 . Figure 2b shows the dislocations from a single site on the substrate. Similar development grade substrates were used for the epi process development. Figure 3a and 3b display surface roughness of two epilayers grown before and after process optimization. Maintaining an appropriate C/Si ratio, and reducing the growth temperature seems to improve the surface morphology. In addition to this further reduction in growth temperature and adjusting the hydrogen flows prior to Epi deposition to minimize the etching produced smoother epi of surface roughness Ra 1.2 nm, with reduced defect density of 2 cm -2 . Figure 3a displays clear step- bunching with surface roughness Ra 3.5 nm and total epi defect density of 6.76 cm -2 , while the epilayer in figure 3b shows a smooth surface with surface roughness Ra 1.93 nm and much lower total epi defect density of 3.20 cm -2 . The triangle defect density on these samples is very insignificant with the total density less than 0.01 cm -2 . Figure 4a and 4b display threading dislocations after the molten KOH etch. Figure 4a has threading dislocations of 3.44x10 5 cm -2 and Figure 4b shows much lower threading dislocations of 8.00x10 4 cm -2 . KOH analysis on the samples reveal the epi defect density to be directly correlated to the surface roughness. 
Summary
Very close repeatability of Hg CV within 2.4% (standard deviation 0.7%), between different SSM setups compared with Ni Schottky CV is demonstrated. Calibration and surface treatment is shown to cause appreciable doping variation and thus good procedures are very important for accurate extraction of doping profiles. With optimized process conditions, smoother surface with roughness of 1.2 nm with low defect density of 2 cm -2 has been obtained for 6 µm thick epiwafers. KOH analysis on the epiwafers reveal that the total epi defect density has a direct correlation to the surface roughness. Both destructive and nondestructive techniques were used. The study also revealed that surface roughness measured by non-destructive techniques can be used as a measure for evaluating epi defects, that can only be revealed using destructive techniques, for process improvement.
